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Several circumstances in  194041  seemed to give promise that it would be 
profitable  to  resume investigations  in  the field  of nutrition  and  natural  re- 
sistance  to  infection--investigations  originally  begun in  1924  (1,  2).  First, 
with  the  addition  of pantothenic  acid  to  the  list  of recognized  B  vitamins 
available in pure form, it became possible to assemble "synthetic" diets of a 
high  degree of chemical definition on which mice could be reared and main- 
tained.  This  simplified  the  assembling  of  diets  of  varied  yet  controlled 
amounts  of  recognized  essentials.  Secondly,  there  were  available  in  this 
laboratory various pure, inbred strains  of mice entirely free from Salmonella 
enteritidis,  and these strains differed  widely and predictably in their response 
to infection with this pathogen  (3, 4). 
The investigations to be reported here have demonstrated  that  under cer- 
tain prescribed conditions diet is capable of influencing  the response of mice to 
S.  enteritidis  infection.  One  of these  conditions  has  been  shown  to  be the 
genetic constitution of the host.  The nature of the dietary factors concerned 
has yet to be determined, although many of the already recognized  entities of 
nutrition do not appear to be involved. 
The problem of the relationship between nutrition and natural resistance to 
infection was approached in these experiments by erecting a model involving 
host, diet, pathogen, and environment.  It is the purpose of the present paper 
to describe the model employed and to deal with three aspects of the relation- 
ship  between nutrition  and  resistance  to infection:  (1)  The fact of the rela- 
tionship;  (2) some of the principles involved in the demonstration of this fact, 
and (3) briefly, the character of the effective dietary factors. 
The host-pathogen model used in these studies consisted of the laboratory 
mouse, Mus musculus,  and one of the "mouse typhoid" agents, S.  enteritidis. 
The mouse was chosen because it could be fed readily and cared for in large 
numbers.  As  has  been mentioned,  several strains  of different  genetic  con- 
stitution  were available.  S.  enteritidis  (MT-1)  was selected because it  is a 
"natural" pathogen for mice, being responsible for epizootic disease in wild as 
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well  as laboratory populations.  Moreover,  it  lends  itself  well  to controlled 
infection techniques  and, when introduced into the gastrointestinal tract, the 
"natural" route, incites an infection which reproduces the disease as it occurs 
spontaneously.  Finally, a  considerable bulk of the data obtained in experi- 
mental epidemiology, both  in  this  country  (5)  and  abroad  (6),  has  been  ob- 
tained from studies on the mouse and with S.  enteritidis, or the closely allied 
species, S.  aertrycke. 
Although the manipulations of diet which might be  carried  out  in  the  se- 
lected model appear to be limitless, it was the aim of the experiments reported 
here to study the difference, in terms of response to infection, which might exist 
between  a  diet  composed  of natural  foodstuffs  and  a  so  called  "synthetic" 
diet.  A  search of the literature on mouse nutrition failed to supply informa- 
tion which  would  assist in  the selection of such  natural foodstuffs as might, 
a  priori,  best support the  "normal"  physiological performance  of the mouse. 
It was  therefore necessary first to devote some preliminary experiments to a 
survey  of certain natural foodstuffs in  terms  of their  ability to  support  the 
"normal"  physiological functions  of the mouse  as measured  by classical nu- 
tritional standards.  By such means  a  diet of natural foodstuffs was  chosen, 
and  a  comparison with  the synthetic diet in  terms  of resistance to infection 
made.  A  difference  was  found  to  exist.  This  difference  as  related  to  the 
foodstuffs  responsible has  been  studied further,  as  has  the  r61e  of  the  host 
genotype,--which has been found to play an important part. 
Materials and Metkods 
Animals.--In the following experiments use has been made of five different stocks of mice, 
all of them free from S. enteritidis.  These stocks are maintained in a special  room in a building 
separate from the regular animal quarters of The Rockefeller Institute, and are cared for by an 
attendant whose duties are confined to them.  The animals are housed in galvanized iron 
boxes (7 X  10 ×  5 inches) which have mesh covers and contain bedding of autoclaved pine 
shavings.  The cages are cleaned and the bedding is replaced once a week.  The sole food of 
these animals is a modified Steenbock stock diet plus New York City tap water ad libitum. 
This diet, originally  suggested by Dr. M. R. Irwin when some of these stocks were started (3), 
consists  of the following items, listed in parts by weight: yellow corn meal, 64; linseed oil 
meal, 16; crude casein, 5; ground alfalfa, 2; powdered whole milk, 5; wheat germ, I0; dried 
yeast, 2; sodium chloride, 0.5; calcium carbonate, 0.5; cod liver off, 2.  When these stocks 
were started, their stools were rigorously cultured and only animals free from S. enteritidis 
were admitted as foundation stock (3).  By simple precautions, notably the exclusion of wild 
mice and liberal use of soap and water, the stocks have been kept free from mouse typhoid. 
No individual case, much less any epizootic of the disease, has occurred in spite of the great 
susceptibility of most of  the populations.  Necropsy plus bacteriological examination of 
animals found dead have failed to reveal S. enteritidis. 
The production of young in these colonies has been good.  Occasionally deaths have in- 
creased in the months of March and April, and Pasteurdla  organisms have been isolated in 
many cases.  The deaths fall off again in May and no untoward infections occur during the 
rest of the year. 
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have been pen-inbred for 7 years, following an original period of brother-sister mating for 
twelve generations.  In addition, four pure, brother-sister inbred strains (fifteen to twenty- 
five generations) developed  in this laboratory and differing widely in their response to infection 
were used.  The derivation of these strains has been described by Webster (3, 4).  Briefly, 
they are characterized by the four possible combinations of relative resistance and  suscepti- 
bility to a bacterial disease (mouse typhoid), and to a virus disease (St. Louis encephalitis); 
v/z.,  bacteria-resistant, virus-resistant; bacteria-susceptible, virus-resistant; bacteria-resist- 
ant,  virus-susceptible;  and  bacteria-susceptible, virus-susceptible.  The response of  these 
strains to the two different kinds  of infection, under  the  conditions of  this laboratory, is 
summarized  in  Table  I.  This  table  was  compiled  from  data  obtained  during  1942. 
Although in none  of  the nutrition  experiments reported here  was  St.  Louis encephalitis 
virus  used,  the  strain  designations employed  in  previous work  with  that  disease  have 
been retained in this paper for the sake of uniformity with previous publications. 
TABLE I 
Survival of Inbred Strains of Mice Selected for Resistance or Susceptibility to Infection with S. 
enteritidis or St. Louis Encephalitis  Virus 
Description of strain 
Bacterla-resistant, virus-resistant 
Bacteria-susceptible,  virus-resistant 
Bacteria-resistant, virus-susceptible 
Bacteria-susceptible,  virus-susceptible 
Straiz 
designat 
BRV]~ 
BSVR 
BRVS 
BSVS 
:on  Test pathogen 
S. enleritldls 
St. Louis encephalitis 
S. enteritidis 
St. Louis encephalitis 
S. enteritidis 
St. Louis encephalitis 
S. enterilldis 
St. Louis encephalitis 
No. of mice 
tested 
(in 1942) 
449 
6O6 
86 
98 
287 
519 
285 
271 
%survival* 
92 
76 
2 
88 
82 
2 
2 
3 
* Testing  dose: S.  enteritidis,  5,000,000  by  stomach  catheter;  St.  Louis  encephalitis, 
10  -2 suspension of infected mouse brain, intranasally. 
The Pathogen.--A  single pure culture of S. enteritidis  (MT-1) was employed throughout. 
This particular strain was isolated originally (7) from a dead mouse during a laboratory epi- 
zootic of the disease in  1918.  It was perpetuated by inoculating nutrient agarstabs with. 
broth cultures of the organism, incubating for 24 hours at 37.5°C.,  and then storing in the 
ice chest at 4°C.  Fresh transfers were made at approximately monthlyintervals.  When 
the organism was to be used for infection it was cultured in meat infusion broth for 6 to 7 
hours and a loopful was transferred to fresh broth.  The transfer was then incubated overnight 
for 18 hours at 37°C.  Under these conditions the final culture contained approximately 1 
billion viable cells per ml.  The appropriate dilution was then made, checked by plate counts, 
using fresh broth for diluent, so that the desired number of organisms was contained in a 
volume of 0.25 ml. 
The infecting dose  was introduced into the stomach of  each mouse with the aid of a small sil- 
ver catheter (diameter, 1.0 mm.; length, 95 mm.) connected  with  a graduated syringe by a rubber 
tube.  No anesthesia  was used.  The infection procedure resulted  in some deaths from trauma 
during the first 48 hours, as autopsy showed, and any occurring within this time were excluded 
as due to it.  They rarely exceeded 1 to 2 per cent of the mice at risk.  The animals were 
observed for a minimal period of 30 days as routine.  Invariably the shortest incubation time 
of the infection was 5 to 6 days, and deaths arising therefrom rarely occurred after the 20th 362  HOST NlrrI~ITION AND NATURAL  RESISTANCE TO INFECTION.  I 
day.  In early experiments the specificity of death under these conditions was tested.  All 
dead animals were autopsied and heart's blood and spleen cultured.  Cultures thus obtained 
were identified by agglutination tests with rabbit antiserum.  Results on some 1,000 mice 
were so uniformly positive that this examination was abandoned and employed thereafter 
only under special circumstances.  This would indicate, of course, that the hazard of death 
for uninfected  animals was extremely small during the period of test.  This appeared to be the 
case and may have been due in part to the control over other environmental factors as de- 
scribed below. 
Environment.'--In these experiments the nutrition of the host has come to be regarded as 
but one of many environmental factors which could conceivably influence the outcome of an 
experimental infection.  Therefore an attempt has been made to  control these other en- 
vironmental factors so that observable differences might more certainly be attributed to the 
sole factor under deliberate manipulation; i.e., the nutrition of the host. 
The experiments were conducted in two separate rooms, in two different buildings of the 
Institute.  Both rooms were air-conditioned and maintained at a temperature of 80 4- 0.5°F. 
and at a relative humidity of 50 4- 3 per cent.  The rooms contained no windows.  The doors 
were mouseproofed so that wild mice could not enter.  Artificial light was of the fluorescent 
type and was controlled by automatic time-clock switches.  The lights were turned on at 
6.00 a.m. and off at 6.00 p.m.  These conditions were maintained continually throughout the 
investigations.  One room, Room 1 (15  X  20 feet), was devoted solely to the dietary prepa- 
ration of animals prior to infection; the other, Room 2 (16 X  14 feet), was used exclusively/or 
the infection phase of the experiments. 
After preliminary experience with various types of caging, the following management was 
adopted as standard: In air-conditioned Room I the mice, usually in groups of ten, were kept 
in metal boxes (7)<  5 inches) constructed of galvanized iron or monel metal.  The box tops 
were of No. 4 mesh galvanized wire screening.  Water bottles containing distilled water rested 
on the covers with drinking tubes extending into the box.  The bedding in these boxes was 
chemically pure filter paper pulp No. 48,  obtained from Schleicher and Schuell, NewYork 
City.  The food was offered in glazed earthenware cups placed in the box.  Under these 
circumstances coprophagy was undoubtedly common.  Placing the mice on raised screens 
did not prevent it and since their feces are available to mice in nature, it was decided to allow 
the mice access to them during the nutritional preparatory phase of the experiments. 
When the animals were ready for infection they were transferred to clean boxes.  Food was 
withdrawn, but water was supplied for 18 hours.  The mice were then transferred to air-con- 
ditioned Room 2 for infection.  Following infection, the animals were placed in individual, 
specially designed drawer-cages  in order to minimize the effects of cross-infection  through fecal 
contamination.  These drawer-cages  were arranged in batteries of 140.  They were fashioned, 
back and sides, of galvanized iron, the bottom and front consisting of No. 3 galvanized iron 
mesh (dimensions 4 )<  7 X  5 inches).  These drawer-cages were suspended in rows of ten by 
individual sets of tracks attached to the under side of galvanized iron sheeting.  When pulled 
forward, the cage was open at the top; when returned to position, the cage was closed.  In- 
dividual water bottles were suspended on  the cage fronts.  The food cups were one-half 
ounce ointment jars with one-half inch hol~ punched in the metal screw cap. 
The mice were kept under observation under these conditions for 30 days.  Deaths were 
recorded daily at 9.00 a.m.  Mice found dead thereafter were recorded on the following  day. 
Preliminary  Experiments  Leading  to  a  Choice  of  a  Suitable  Diet  of  Natural 
Foodstuffs 
"Resistance" and "susceptibility" are,  of course, only relative terms.  The 
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described as the per cent survivors following infection under certain defined 
conditions.  If, as we assume, the per cent of survivors will be influenced by 
diet, then the diet to be chosen for this point of reference will be of some mo- 
ment.  It appears reasonable  to suppose that  the meaning of  this  point of 
reference would be increased if the diet used in its definition were a  "normal" 
one.  Ideally, this diet would be the "normal" diet of mice in nature, but in- 
formation about such a diet is lacking at present.  Two suggestions appearing 
in the literature, coupled with our own experiments, have led to the choice of a 
diet of whole wheat and whole milk as an approximation to a  "natural" one. 
One suggestion came from the work of the systematists, Schwarz and Schwarz 
(8).  From their studies on the systematics of the wild and commensal forms 
of Mus musculus L., they have concluded that the development of commensal 
stock§--and from these, of course, have come laboratory stocks=took place 
in areas of permanent settlements of an agricultural type.  There were three 
such centers of any importance in the world.  The most important one is the 
borderland of Russian Turkestan and the Iranian plateau, where at an early 
period wheat and barley were cultivated.  The second center is  the wheat- 
growing  black  earth  country in  southern  Russia,  north  of  the  Black  Sea. 
The  third  center  is  in  Japan,  thickly settled  with a  primarily  agricultural 
population.  Commensal Mus rnusculus, then, has been in contact with culti- 
vated cereals for a  long time. 
The second suggestion leading to the choice of a wheat-milk diet as a point of 
reference came from the findings of Webster and Pritchett (1).  These workers 
found that  the natural resistance of mice to infection  with mouse typhoid, 
Type II (S.  aertrycke),  was increased when they were fed  a  McCollum-type 
diet composed of whole wheat (67.5 per cent), casein (15 per cent), milk powder 
(10 per cent), NaC1 (1 per cent), CaCOs  (1.5 per cent), and butterfat (5 per 
cent).  Controls had been fed the stock diet in use at the time--white bread 
soaked in pasteurized milk, supplemented by an oatmeal and buckwheat mix- 
ture and dog biscuit. 
Following these  suggestions,  the  nutritional  properties  of various  cereals, 
and the potato, in combination with whole dried milk, were tested by experi- 
ment.  The composition of the diets can be stated generally as follows: whole 
grain cereal (or desiccated, cooked potato), 66 per cent; dried whole milk, 33 
per cent; NaC1,  1 per cent; distilled water, ad libitum.  The following cereals, 
in addition to the potato, were compared: whole yellow corn (No.  1),  whole 
ground  rye  (No.  1 Western),  whole ground oats,  whole ground rice,  whole 
ground  wheat.  The  whole  ground  cereals  were  obtained  from  commercial 
mills; the desiccated potato meal was a commercial product. 
Each diet was fed to a  group of fourteen weanling W-Swiss mice taken from the stock 
colony.  (In the instance of the wheat diet, the group was doubled in size.)  The animals, 
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TABLE  II 
Life Cycle Performance  of W-Swiss Mice on Various "Natural"  Diets 
Diet 
No. I00, wheat ..... 
No. 120, corn ...... 
No. 121,  rye ....... 
No. 122,  potato .... 
No. 123, oats  ....... 
No. 124, rice ....... 
N( 
litte 
bor: 
No  with 
}re 
20  20 
10  10 
10  8 
10  10 
10  6 
10  10 
ff  Litter  [ 
s  'oral  size at 
t  o. of I  birth  I 
~  )orn  -- 
I 
20  L64  8.2  1.08  I 
10  64  6.4 
10  71  7.1  2.10 
10  47  4.7  1.00 
10  61  6.1 
10  65  2.06 
~otal 
Fo.  of 
,rog- 
eny 
eaned 
L13 
52 
51 
23 
32 
30 
70 
81 
72 
49 
52 
46 
Meal 
bod3 
welg~ 
ing 
9.7 
8.2 
8.6 
4.9 
4.25 
9.1 
Mean 
weights 
of 
progeny 
at 
5 wks. 
6  a 
&m.  gin. 
19.0 16.4 
14.2 14.3 
t5.9 14.1 
8.7  8.7 
7.5  7.2 
19.5 16.6 
* S.D.,  standard  deviation. 
:[ 12 of the 51 weaned progeny were discarded because of disease of unknown  etiology. 
TABLE  III 
Survival  of Progeny  of W-Swiss Mice on  Various  "Natural"  Diets Following  Infection  with 
50,000 S. enteritidis 
Diet 
No. 100, wheat 
No. 120, corn 
No. 121, rye 
No. 122, potato 
No. 123, oats 
No. 124, rice 
%  surviv- 
ing 
67.5 
35.0 
51.3 
44.4 
58.3 
51.0 
52.2 
62.5 
56.4 
0 
12.5 
5.9 
0 
0 
0 
73.3 
50.0 
62.1 
filter paper pulp  as previously described.  Distilled  water was furnished at all times.  The 
animals were weighed at weekly intervals for a  period of 5 weeks.  The mice were then mated 
within each group, and the diets continued.  The progeny resulting from these matings were 
weaned at the age of 3 weeks and weighed.  They were then continued on the same diet for an HOWARD  A.  SCHNEIDER  AND  LESLIE  T.  WEBSTER  365 
additional 2 weeks.  Body weights at this time were again recorded.  After fasting overnight 
the mice were then infected by stomach catheter, with 50,000 bacilli of S. enteritidis prepared 
by diluting an 18 hour broth subculture of the laboratory strain.  Housed in individual  cages, 
the mice were observed for 30 days and mortality data recorded. 
TABLE IV 
Time of Deatk of W-Swiss Progeny on Various  "Natural" Diets after Infection with 
50,000 S. enteritidis 
Postinfection 
time 
dsy$ 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
Total 
Wheat (diet  Corn  (diet  Rye (diet  Potato (diet  Oats (diet  Rice  (diet 
100) 80 mice  120) 51 mice  121) 39 mice  122) 17 mice  123) 17 mice  124)  29 mice 
No.  %  No.  %  No.  %  No.  %  No.  %  !No.  %. 
dead  surviv-  dead  surviv-  dead  surviv-  dead  surviv-  dead  surviv-  dead  survlv. 
daily  ing  daily  ing  daily  ing  daily  ing  daily  ing  daily  ing 
I00  100  100  100  100  100 
1  94  6  55 
6  29 
1  99  2  18 
1  98  1  98  1  88  1  12 
6  91  2  94  1  82 
5  85  3  88  !  95  1  76  1  97 
6  78  3  82  5  82  5  47 
10  55  4  75  2  77  2  0  2  89 
6  58  6  63  3  69  3  29  1  86 
3  54  1  61  1  24  1 
1  53  1  59  1  18  1  79 
1  76 
1  67  1  72 
1  $I  1  12  2  66 
1  62 
2  5S  1  64 
1  6 
1  62 
2  51  ' 
2  55 
39  51  25  Sl  17  56  16  6  17  0  I1  62 
The data obtained in the above manner have been arranged in Tables II, 
III, and IV, and Figs. 1 and 2.  From these data information was obtained on 
the following physiological activities. 
1.  Growth of the mice  (females) from  stock as supported by the diets (Fig.  1). 
2.  Fertility of the mice as measured by the ability to produce a  litter within 30 
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3.  Fecundity of the mice as measured by the average litter size at birth (Table II). 
4.  Ability of the females to rear their young to weaning as measured by the average 
litter number and weight at weaning (Table II). 
20 
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Fro. 1. Growth of female W-Swiss weanlings on various "natural" diets (10  9 per diet) 
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Fzo, 2. Survival  curves of  progeny of W-Swiss mice on various  "natural" diets  following 
refection with 50~000 S. enteritidis. 
5.  Growth of the progeny as supported by the diets  (Table II). 
6.  Resistance of the progeny (Tables III and IV, and Fig. 2). 
Inspection  of the  life  cycle data  presented  in  Table  II reveals  that  when 
growth,  fertility,  fecundity,  ability  to  rear  young,  and  the  growth  of  those 
young  are  used  as  criteria  of nutritional  performance,  the  most  satisfactory ttOWARD  A.  S~IDER  AND  LESLIE  T.  WEBSTER  367 
over-all diet was the wheat-dried milk-salt mixture (diet 100).  The corn and 
rye diets (diets 120 and 121)  were next in order of performance; the rice diet 
(diet 124) was less satisfactory, having especially a poor ability to support the 
rearing of the sucklings;  and  the potato and  oats diets  (diets  122  and  123) 
were inadequate on several counts, notably in the extremely poor growth of 
the progeny.  A  considerable number of deaths due to unknown causes took 
place among the progeny on the oats diet, thirteen of thirty-two mice having 
been found dead in their boxes during the 2 weeks intervening between weaning 
and infection.  The mice available for infection test in this instance were thus 
reduced to nineteen, a number so small that retention of some of them to serve 
as uninfected controls was prohibited.  However, it was evident that the oats 
diet  (diet  123)  was  quite  unsatisfactory on its already established  record of 
nutritional performance, so this test was not further investigated. 
In the infection test, performed when the progeny were 5 weeks of age, all 
of the animals were infected, with the exception of those on diet 100.  Since 
113 mice were available for test eighty mice were selected at random for test- 
ing, and the remaining thirty-three were retained as uninfected controls.  All 
of these uninfected mice remained alive and well during the course of the in- 
fection test.  The results of it are presented in Tables III and IV, and in Fig. 2. 
The mice subsisting on the oats diet (diet 123) and the potato diet (diet 122) 
were extremely susceptible.  All,  save one,  died.  Survival on the remaining 
wheat, corn, rye, and rice diets was remarkably similar, approximating 55 per 
cent of the  animals  at risk. 
Because these findings have several important implications for the experi- 
ments which follow, it appears appropriate to discuss them briefly at this point. 
First, the great susceptibility to S. enteritidis infection of the subnormal prog- 
eny of the mice on the oats and potato diets shows how easily debilitated ani- 
mals are carried off by infection.  But it took no infection test to demonstrate 
the  nutritional  inadequacy  of  these  diets,  an  inadequacy  evident  from  the 
physiological data already at hand.  For the moment, therefore, the low re- 
sistance of the progeny on the oats and potato diets can be attributed to non- 
specific causes associated with the recognizably poor nutritional performance. 
More important is the second finding, that all four of the other diets were quite 
similar  in  their ability  to  support  the  resistance  of the  animals.  This  uni- 
formity is all the more remarkable when it is recalled that these diets were not 
as uniform in their ability to support nutritional performance in some other 
particulars.  Thus,  comparing  the  rice  diet  (diet  124)  with  the  wheat  diet 
(diet 100),  the survival rates were, respectively, 62 per cent and 51 per cent. 
This difference is not material (x  2 =  0.759, P  >  0.3).  However, the same diets 
were quite different in  their ability to support newly born mice to weaning. 
Of the mice born of dams on diet 100, 70.1 per cent were weaned.  Of the mice 
born of dams on the rice diet (diet 124),  only 46 per cent were weaned.  This 
difference of 24 per  cent is real  (X  ~ =  11.17,  P  <  0.01).  Consequently if, 368  HOST  NUTRITION  AND  NATURAL  RESISTANCE  TO  INFECTION.  I 
as  above,  two  diets  are  shown  to  be  dissimilar, as measured  by  a  classical 
nutritional criterion such as the support of mice from birth  to weaning,  and 
the  same  diets  are  similar  in  their  ability to  support  natural  resistance,  it 
becomes possible to argue that natural resistance is not necessarily associated 
with other criteria of nutritional performance.  This  is a  restatement  of the 
main thesis of the approach in these experiments; i.e., nutritional factors in- 
fluencing  natural  resistance  can  best  be  studied  by  observing  the  effect  of 
various nutriments  directly on  natural resistance,  irrespective of  their  effect 
in  other  nutritional terms. 
The  foregoing  experiments  indicated  the  bases  on  which  a  whole  wheat- 
whole  milk diet  might  be  chosen as  a  "natural"  dietary point of reference. 
TABLE V 
Life Cycle Performance  of Four Successive Generations of W-Swiss Mice on a Wheat-Milk-Salt 
Diet (Diet  100) 
~¢ner- 
ation 
No. of 
litters 
born 
within 
red  l 
20  20  20 
15  15  15 
15  15  15 
14  13~  13 
Total 
go. of 
prog- 
eny 
born 
164 
97 
120 
96 
Litter size 
at birth 
8.2 [ 1.08 
6.461  1.50 
8.001  1.50 
7.38[  1.47 
Litter size 
To°.ta2f I at weanins 
p:o - i  , 
weaned  __IkI  
115  5.75[  2.26 
81  5.40  1.31 
80  5.33  2.31 
81  6.23]  2.54 
• Mean 
]  body 
%  [ weight 
~eaned ]  at 
wean- 
g~n. 
83.5  ]  9.3 
o0 
Prog- 
eny 
alive 
at5 
wks. 
113 
81 
9.1  80 
Mean 
weights of 
progeny 
at 5 wks. 
gm.  gm. 
19.0  16.4 
22.0  17.6 
19.7  16.9  -[- 
* S.D., standard deviation. 
One female discarded from group due to undiagnosed illness. 
The diet (diet 100)  was further  tested for its ability to provide for the com- 
plete life cycle of the mouse by rearing four successive generations of W-Swiss 
mice fed solely upon it. 
This experiment was conducted entirely in air-conditioned  Room I, and twenty female and 
ten male W-Swiss weanlings from stock were utilized.  They were given only diet 100.  The 
animals, 3 weeks of age, were reared for 5 weeks in groups of ten in mouse boxes with purified 
filter paper pulp as bedding, and after 5 weeks they were mated at random.  The progeny 
were then reared, weaned and, when they were 8 weeks old, a sample of fifteen males and 
fifteen females was chosen from fiften litters to serve as mating stock for the next generation. 
These animals were then mated inter se, care being exercised to avoid brother-sister mating. 
This mating pattern was used in order to randomize the genetic factors which were not ho- 
mozygous in the parent stocks.  Life cycle data, such as have been previously described, were 
recorded for four successive generations.  The data are summarized in Table V. 
Table V  reveals that  diet  100  was  able to  support W-Swiss mice  through 
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diet.  On  the  basis  of this  and  the  foregoing experiments,  diet  100  was  se- 
lected as the "natural"  diet to be used as a  point of reference. 
Comparison of the "Natural" Diet with a "Synthetic" Diet 
The science  of experimental  nutrition  has  advanced  to  a  point  where it is 
now possible to devise diets of a high degree of chemical definition ("synthetic" 
diets)  which are  capable of supporting  the growth and  maintenance  of labo- 
ratory  rodents,  particularly  rats  and  mice,  for  long periods  of  time.  With 
mortality  risks  reduced  to  negligible  proportions,  the  deaths  following  test 
infections  can  be  ascribed  with  some  assurance  to  the  specific  infection  in- 
voked and the interpretation of results is less harassed by considerations of the 
jeopardy  in  which  the  animals  are  conceivably  placed  by  the  experimental 
diet  itself.  The  following experiments  were  done  to  learn  whether  any nu- 
tritional  differences  existed  between  the  "synthetic"  diet  employed  and  a 
"natural"  one. 
An attempt  was made to include in the  "synthetic"  diet all the known es- 
sentials  in as pure a  state  as possible.  Its composition  (diet  191)  is given in 
Table VI.  All of the known vitamins available in pure form were included at 
levels at least ten times the known minimal requirements. 1  In those instances 
in  which  the  minimal  requirement  of  the  mouse  remains  undetermined,  or 
even undemonstrated,  a liberal quantity of the vitamin was included, as based 
on current practice in nutritional research with rats.  Diets of this  type were 
made up at weekly intervals, as routine, and stored in the refrigerator. 
Growth.--The two diets,  "natural"  and  "synthetic," were first compared in 
terms of their ability to support the growth of weanling mice. 
Forty weanling W-Swiss mice from the stock colony, twenty males and twenty females, 
were divided into two groups, care having been taken to distribute  litter mates as evenly as 
possible.  The mice were from 3 to 4 weeks of age.  Group I was fed the "synthetic" diet 
(diet 191) and Group II the "natural" diet (diet 100) ad libitum.  The mice were housed in 
Room i in the metal boxes previously described, and were bedded on purified filter paper pulp. 
Distilled water was furnished at all times.  The experiment was continued for 20 weeks.  The 
mice were weighed at weekly intervals.  Body weight increases were obtained as presented in 
Table VII, and graphically in Fig. 3. 
These experiments  revealed that in terms  of growth,  diet  100 was superior 
to diet 191.  However, the margin was not great and eventually, in the case of 
1 For purposes of comparison, data on the minimal physiological requirements of the mouse 
for some of the vitamins can be found in the following papers: 
Thiamin:  I-Iauschildt, J. D., Proc. Soc. Exp. Biol. and Med.,  1942, 49,  145. 
Riboflavin:  Morris, H. P., and Robertson, W. B., o  r. Nat. Cancer Inst., 1943, 3, 479. 
Calcium  pantothenate:  Morris, H. P., and Lippincott,  S.  W., J. Nat. Cancer Inst.,  1941, 2, 
29; Sandza, J. G., and Cerecedo, L. R., J. Nutrition,  1941, 21,609. 
Inositol:  Woolley, D.  W.,  Science,  1940,  92,  384.  Tocopherol: Bryan,  W. L., and  Mason, 
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the males, the difference tended to disappear.  Why it was more pronounced 
in females is diificult to say, unless the necessity of providing for certain func- 
tions  associated  with  potential reproduction  makes  more  evident  the short- 
comings  of  the  "synthetic"  diet.  It  was  appearent  that  the  "synthetic" 
diet could hardly be called deficient in the usual sense,  for it was  capable of 
TABLE VI 
Composition of the "Synthetic" Diet (Diet 191) 
Weight per 
100 gin. of diet 
Ingredient  gra. 
Casein (labco, vitamin-free) ..............................................  18.0 
Glucose (cerelose) ......................................................  72.55 
Salts W-2* ............................................................  4.0 
l-cystine  ..............................................................  0.2 
Water-soluble vitamins  .................................................  0.25 
fag. 
Thiamine hydrochloride  ....................................  ~.  2.5 
Riboflavin  ...................................................  5.0 
Pyridoxine hydrochloride .....................................  2.5 
Niacin ......................................................  25.0 
Choline chloride  .............................................  100.0 
Para-aminobenzoic acid  ........................................  5.0 
Inositol  ......................................................  100.0 
250.0 
Fat-soluble vitamins, in cottonseed oil (Wesson) ...........................  5.0 
mg. 
E-carotene ...................................................  0.72 
~iosterol (170 I. U.) 
2-methyl-l, 4-naphthohydroquinone diacetate ...............  0.33 
Tocopherol acetate ...........................................  11.7 
Total ..................................................  i00.0 
* Salt mixture W-2 is a modification of Wesson's salts (Wesson, L. G., Science, 1932, 75, 
339) with the following composition: CaCOs, 210.0; MgSO4, 88.5; NaC1, 105.0; KCI, 115.5; 
KH~PO4, 310.0; Cas(POi)~, 149.0; FePO4.4H20,  14.75; KI, 1.0; NaF, 0.5; K2A12(SO4)4.241-120, 
0.10; CuSO4.5H20, 0.40; ZnCI2, 0.25; MnSO4.4H20,  5.0. 
supporting a  good rate of growth and maintaining the mice for a  long period, 
all the mice appearing to be in good health at the end of the 20 weeks. 
Natural  Resistance.--The  preceding  experiment  demonstrated  that  mice 
could be  reared and  maintained  on  the  "natural"  and  "synthetic"  diets for 
long periods of time with a  negligible mortality risk.  The two diets were now 
compared in  their  effects  on  the  natural  resistance  of mice  to  S.  enteritidis 
infection.  Successive experiments were performed  from  March  31,  1943,  to 
June  14,  1943,  using 900 W-Swiss  mice. TABLE  VII 
Growth of W-Swiss Mice on a "Synthetic"  and a "Natural" Diet Respectively 
"Natural" diet  "Synthetic" diet  "Natural" diet  [  "Synthetic" diet 
(diet 100)  (diet 191)  (diet 100)  I  (diet 191) 
Age  (Average weight) 
I0 o  ~  i0 o  ~  i0 ~  I0 9 
','w~$. 
3 
4 
3 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
gfn. 
I1.0 
15.3 
20.1 
23.3 
25.3 
27.2 
27.8 
29.4 
29.6 
29.4 
30.0 
29.8 
31.2 
31.2 
30.8 
31.4 
31.8 
32.0 
32.8 
32.6 
32.6 
gfP,.,  gm. 
11.0  12.0 
12.7  15.1 
16.9  18.1 
20.6  19.7 
23.0  21.4 
24.2  22.0 
25.3  22.7 
26.4  24.0 
27.3  24.8 
27.4  25.0 
27.4  25.6 
27.6  26.2 
28.2  27.0 
29.6  28.4 
29.8  28.8 
30.2  29.8 
29.8  29.8 
31.2  30.8 
32.4  32.2 
32.1  32.0 
31.4  31.6 
gm. 
10.8 
12.2 
1,5.4 
17.8 
19.3 
20.4 
20.6 
22.0 
22.2 
22.0 
22.6 
23.4 
24.4 
24.4 
24.0 
24.0 
24.8 
24.8 
26.0 
25.8 
25.4 
30 
f~ 
.~  Z5 
0 
(D  20 
0 
,toO.__O..O--d  S°4/ 
I,.///  o/O  -''°''°''°''°/ 
/f ,F "°''o'''- 
!  /o....o  ° 
,o, 
•/t  "Natu~al"  diet  "By~thet~c"  d~e~ 
f,  (Diet  100)  (Diet tgl) 
II 
!J  10 motes  :  --  10 moAes  • ....  * 
,i  10 femcttels  o  o  10 "remoAe~, o---  -o 
10 
0  5  10  15  20 
3Reek~ on diet 
FIG.  3.  Growth of weanling W-Swiss mice on a  "synthetic"- and on a "natural" diet. 
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As sufficient numbers of 3  weeks old weanlings became available  from the 
Stock colony, they were divided, by litter and sex, into groups of fifty.  (For 
purposes of subsequent statistical treatment each group was divided into two 
equal subgroups, A and B.)  For each group fed the synthetic diet (diet  191) 
another  group  received  the  wheat-milk-salt  diet  (diet  100).  The  animals 
were caged in groups of twelve or thirteen in monel metal mouse boxes, in air- 
conditioned Room 1, with purified filter paper pulp as bedding, and fed their 
respective diet for 3 weeks.  The animals were then fasted, transferred to air- 
conditioned Room 2, infected by stomach catheter, and caged individually, as 
already described.  They were watched and deaths recorded during the next 
30  days.  The  infecting  dose  was  either  50  thousand  or  500  thousand  S. 
enteritidis as indicated in Table VIII. 
The data  obtained  in  this  experiment lend  themselves  to  an  analysis  of 
variance  from  several  standpoints  which  illustrate  well the  diverse  factors 
operative in tests of this type. 
1.  The  Variation  in  Survival from  Experiment  to  Experiment,  Both  Diets 
Considered.--The  survival rate of groups of fifty mice, equally divided as to 
sex, on diet 100 and infected with 50,000 bacilli, can be taken for the analysis 
of the  variation  between experiments.  In  six  tests,  the survival rates were: 
75, 60,  71, 58, 61, and 71 per cent respectively.  The mean survival rate was 
66.2  per cent (194 survivors of 293  mice infected).  Accepting 66.2 per cent 
as  the  true survival rate,  it  can be shown  that  the individual experimental 
determinations of the survival rate  did not vary from the mean more than 
what  can be accounted for on chance alone  (x  2 --  6.098;  n  =  5;  P>  0.2). 
Since it  is not necessary to postulate any additional causes for the variation 
observed, there is some reassurance that attempts at control were successful. 
Similarly,  for diet  191,  survival rates  for a  dose 'of 50,000  bacilli  were: 38, 
52,  45,  30,  42,  and 37  per cent respectively in six consecutive experiments. 
The mean survival rate was 40.5 per cent (120 survivors of 296 mice infected). 
The variation observed can be attributed  to chance alone (x  2 =  5.929; n  = 
5; P>  0.3). 
2.  Variation  in  Survival  Due  to  Sex.--From  the  data  presented  in  Table 
VIII,  it will be seen that males are slightly more resistant  than females, al- 
most uniformly, when groups of twenty-five of each sex are considered.  Only 
in Experiment 98, diet 100, and in Experiment 99, diet 191, dose 50,000 bacilli, 
was this trend reversed.  Analysis of the data, using survival rates from those 
experiments in which a dosage of 50,000 bacilli and diet 100 were used, reveals 
that the males in toto had a survival rate of 70.9 per cent (105 survivors of 148 
infected), while females had a  survival rate of 61.4 per cent (89 survivors of 
145 infected).  This difference of 9.5  per cent rests in the borderland of sta- 
tistical probability (x  2 --- 2.99; n  =  1; P  <  0.10, >  0.05).  On the same dosage, 
but on diet  191,  the difference in  survival rate between the sexes was more TABLE  VIII 
Survival  of W-Swiss  Mice on a  Wheat-Milk-Salt  Diet  (Diet  100)  or a  "Synthetic"  Diet  (Diet 
191)  after Infection with 50,000 or 500,000 S. enteritidis 
(All mice living 30  days are counted  as survived.) 
Experi- 
ment 
NO. 
93 
96 
98 
99 
100 
I01 
,  Dose:, 50,OO0  I  Dose: 500,OO0 
Sea  Subgroup  Subgroup [  Group 
A  B  I  total 
@ 
Total 
o  ~ 
Total 
o~ 
Total 
c~ 
Total 
c~ 
Total 
Total 
@ 
Total 
o  ~ 
Total 
o  ~ 
Total 
o  ~ 
Total 
Total 
c~ 
9 
Total 
7os  s/1%s  s/i 
58 I  7/12  58114/24 
42  4/11  36  [  9/23 
50  11/23 48  23/47 
221  4/12[  33 
8  2/111  18 
14  6/231  26  9/44 
0  4/13  31 
33  3/11  27 
17  7/24]  29 
8  1/12l  8 
33  1/12[  8 
21  2/24]  8 
50  7/13l  54 
38  2/n]  18 
44  9/24  37 
27  3/13  23 
15  1/121  8 
21  4/25[  16 
4/25 
7/2~ 
n/4e 
2/24 
5/24 
7/48 
13/25 
7/24 
20/4g 
6/24 
3/25 
9/49 
%S 
38 
39 
49 
6/21  29 
3/23  13 
2'0 
16 
30 
8 
21 
15 
52 
29 
41 
23 
12 
18 
Dose: 50,000  Dose: 500,000 
Diet  Subgroup A  Group total  Sex 
loo  ~ 
Total .... 
191 
Total .... 
S/I*  %31 
52/71  I 73.2 
37/75  49.3 
89/146  61.0 
39/73  53.4 
24/75  32.0 
63/148  42.5 
Subgroup B  [  Group total 
S/I  %S  I  S/I  %/S 
Grand totals 
53/77  68.8  105/148  70.9 
52/70  74.3  89/145  61.4 
03/147  71.4  194/293  66.2 
37/76  48.7  76/149  51.0 
20/72  27.8  44/147  29.9 
57/148  38.5  120/296  40.5 
Subgroup A  Subgroup B 
13/36  36.1  18/38  47.4 
14/37  37.8  9/33  27.3 
27/73  37.0  27/71  38.0 
i 
6/32  18.8  8/37  21.6 
i  7/37  [ 18.9 
13/69  18.8 
S/I  1%S 
31/74 
23/70 
54/144 
14/69 
4/5s  u.4  [ 11/72 
12/72  16.7t25/141 
41.9 
32.4 
37.5 
20.3 
13.3 
17.7 
* S/I, survivors/infected in test. 
%S,  per cent survivors. 
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easily demonstrated.  Thus the male survival rate was 51.0 per cent  (76 sur- 
vivors of 149 infected); the female survival rate was 29.9 per cent (44 survivors 
of 147 infected).  This difference of 21.1  per cent was not only larger than  the 
previous difference observed between the sexes on diet 100,  but rested upon a 
statistical basis of greater security (x  2 =  14.35; n  --  1; P  <  0.01).  That the 
ability to demonstrate a  difference between the two sexual genotypes in terms 
of resistance to infection was dependent upon the nutrition  of the genotypes 
would  appear  to  be  a  point  worth  making.  However,  this  difference  was 
small and,  as  will  be seen,  was  conditioned  by at  least  one  other  variable, 
namely, dosage.  In Table VIII, the grand  totals, under the dosage of 500,000 
bacilli,  show a  sex difference which  has the following variance analysis: diet 
100,  males,  41.9  per  cent  survival  rate;  females,  32.9  per  cent;  difference, 
9.0 per cent.  The difference can be attributed  to chance, although it is sug- 
gestive (x  2 =  1.067; n  -- 1; P  >  0.3).  On diet 191 the situation was not much 
better:  Males,  20.3  per cent  survival; females,  15.3  per cent survival; differ- 
ence,  5  per  cent.  Again  the  difference  is  suggestive,  but  not  established 
(x  2 =  0.779;n  =  1;P  >  0.3). 
In general, then, if there is a  difference between the sexes in natural resist- 
ance, it is quite small and can be established in statistical terms only by the 
use of large numbers of mice.  Samples of over 150 animals of each sex would 
seem necessary.  It is  interesting  to note  that  Watson,  Wilson, and  Topley 
(9) observed a sex difference in natural resistance to B. typhi murium,  although, 
contrariwise,  females were more resistant than males.  However, they recog- 
nized that the difference was not a  constant one and its demonstration by no 
means settled.  An additional note of uncertainty is introduced  by the very 
nature  of  the  genetics  of  the  sex  ratio  in  mice.  Geneticists  have  come  tQ 
regard the ratio of males and females in mouse stocks as an unstable character 
(v/de  Grtineberg,  10),  liable  to  be  influenced  by  unknown  causes.  In  any 
event, it is clear that in comparing mouse samples in terms of resistance, it is 
advisable to compare samples of like sex, or samples of identical composition 
of the two sexes.  This was done in the present work. 
3.  Variation  Due  to  the Sampling  Method Employed.--Since the establish- 
ment of differences in natural resistance is a  statistical problem, it is of some 
moment to estimate the reliability of the methods of sampling mouse popula- 
tions here employed.  Uniformly throughout these investigations the various 
samples were assembled by distributing  individual mice of the several litters 
among these  samples according  to  a  plan  of random  dispersal.  In  this  di- 
vision  sex  was  taken  into  account  and  equal  distribution  of  the  sexes  was 
sought.  Usually it was possible to achieve an equal distribution of the sexes, 
or close  to  it.  In  this  manner  genetic  differences which  still  existed  in  the 
stock  were  equally  distributed.  Further,  the  groups  of fifty mice per  dose 
and  per  diet,  in  the  experiments  reported  in  Table  VIII,  were  divided  ar- HOWARD  A. SCHNEIDER AND LESLIE T. WEBSTER  375 
bitrarily  into  two  subgroups  of  twenty-five  before they  were  infected.  If 
the variation between subgroups is no more than can be attributed to chance, 
then it is evident that the method of sampling will not have introduced any 
errors of its own.  This proved to be the case.  Tested against  the survival 
rates as determined  from the grand  total of all of the experiments in Table 
VIII,---i.e., for dose of 50,000,  diet 100, 66.2 per cent; diet 191, 40.5 per cent,- 
variation  among the  subgroups of twenty-five mice did  not  exceed  that  at- 
tributable to chance (X  2 --  24.308;  n  --  23; P  >  0.3). 
4.  Variation Due to the Size of the Infecting Dose.--It is obvious from an in- 
spection of the grand totals in Table VIII, that a  tenfold increase in the size 
of the infecting  dose  resulted  in  a  decreased  survival rate on  both  diet  100 
and diet 191.  Thus, on diet  100,  the survival rate fell from 66.2  per cent to 
37.5 per cent (x  ~ -- 33.10; n  ~  1; P<  0.01).  On diet 191 the survivalrate fell 
from 40.5  per cent  to  17.7  per cent  (x  ~ --  22.83;  n  --  1; P  <  0.01).  This 
difference in survival rate due to a  tenfold increase in dosage is not only real, 
but considerable.  Since the cultures which were administered were young and 
growing,  and  since  the dilutions  for the actual infection were prepared  with 
broth,  a  good  growth  medium,  it  appears  entirely  possible  that  unless  the 
animals are infected within a  short space of time, say 1 hour,  the increase in 
dose due to the growth of the culture may introduce error, especially if many 
mice are being infected at a given time and the order of infection of the various 
groups  is  not  alternated  systematically.  To prevent  this  anticipated  error, 
the order in which  the various dietary groups were infected was regulated in 
the  experiments.  No  more  than  thirteen  mice  of  any  one  subgroup  were 
infected in order, and the others were not returned to until thirteen mice in all 
other  similar subgroups had been infected. 
5.  Variation in Survival Rate Due to Host Nutrition.--It  is now possible to 
consider the main goal, namely, the effect of the nutrition of the host on the 
survival rate.  As the data in Table VIII show plainly, mice which were fed 
a  "natural" diet  (diet  100)  had a  higher survival rate than mice fed a  "syn- 
thetic" diet  (diet  191).  This effect was clearly visible on test with a  dose of 
50,000  or a  dose of 500,000  S.  enteritidis  bacilli  (Table VIII, grand  totals). 
Thus, with a  dose of 50,000 bacilli the survival rate on diet 100  was 66.2 per 
cent  (194  survivors of 293  infected);  on  diet  191  the  survival rate was 25.7 
per cent lower, or 40.5 per cent  (120 survivors of  296 infected).  This differ- 
ence is well beyond the probability of occurrence by chance  (x  2 =  39.4;  n  ~- 
1;  P  <  0.01).  The only apparent cause for it was the nutritional  difference 
existing  between  the  hosts  at  risk.  Similarly,  for a  dose  of 500,000  bacilli, 
the survival rate was 37.5 per cent on diet 100  (54  survivors of 144  infected) 
and  on  diet  191,  19.8  per  cent  lower,  or  17.7  per cent  (25  survivors of  141 
infected).  Again  the  observed  difference  cannot  be  attributed  to  chance 
(X  ~ =  13.73; n  =  1; P  <  0.01).  These findings establish that mice reared on 376  I~OST  NUTRITION  AND  NATURAL  RESISTANCE  TO  IN~ECTION.  I 
diet  100 have  a  greater natural  resistance to S.  enteritidis infection than  mice 
reared on diet 191. 
The Number of Mice Necessary to Demonstrate the Difference between  the "Natural" Diet and 
the "Synthetic"  Diet in Terms of Natural Resistance.--The demonstration of the effect of host 
nutrition on natural resistance, under the conditions here described, was preeminently sta- 
tistical.  The data in Table VIII provide some indication of the number of animals necessary 
for the purpose.  It will be seen that a  sample of fifty mice on each diet appears to be ad- 
equate.  Comparison between samples of  twenty-five mice did not always demonstrate the 
superiority of diet 100, as can be seen in Experiment I00, dose 50,000 bacilli, subgroup A. 
Here the mice on both diet 100 and diet 191 bad identical survival rates of 52 per cent.  In 
Experiment 99, dose 500,000 bacilli, subgroup A, the order of superiority was actually re- 
versed: diet 191 had a survival rate of 21 per cent; diet 100, 17 per cent.  But in all instances 
samples of fifty mice consistently demonstrated the superiority of diet 100.  This figure is 
supported by statistical considerations: 
Taking the total experience, as presented in Table VIII, as a reasonable estimate, it can be 
assumed that the magnitude of the difference between diet 100 and diet  191 is of the order of 
25 per cent when the mice have been subjected to an infecting dose of 50,000  S.  enteritidis 
bacilli.  The standard error (S.E.) of this difference is a function of the proportions of survivors 
on the two diets, and of the number of animals on each diet. 
(l)  S.E.  =  A/pl  X  ql "JV P2  X  q__ 2 
"1/  nl  t~ 
p  and q are the proportions of animals living and dying, respectively; n  is the number of 
animals in the sample. 
The minimum condition for statistical "significance" is that the observed difference be at 
least twice the standard error of that difference.  When this obtains the odds are i in 20 that 
the result could be due to chance.  As the ratio of a  difference to its standard error is in- 
creased, the probability of a  like result occurring by chance steadily diminishes.  Thus, a 
ratio of 2.5 has odds of 1 : 80; a ratio of 3.0 has odds of 1 : 370.  In this report a ratio of 2.5 has 
been selected for a  standard of significance.  With a  difference of 25.7 per cent in survival 
rate between diet 100 and diet 191, the allowablestandard error of this difference becomes 
0.257 divided by 2.5, or 0.103.  With the allowable standard error known, and by setting 
the size of the two samples, nl and n~, as being identical, substitution can be made in formula 
(1) and the equation solved for n.  Such substitution yields a value of 44 for n, a figure very 
close to the empirically proposed number of fifty mice per sample.  Similarly for experiments 
with a  dose of 500,000  bacilli, a  suitable sample size appears  to be of the order of 61.  In 
other words, a demonstration of the superiority of diet 100 can be made with a greater economy 
of mice by using a dosage of 50,000 than with a dosage of 500,000 bacilli.  As a consequence, 
in further experiments samples of fifty mice, equally divided as to sex, were employed in each 
test, and a  dose of 50,000 bacilli was used. 
The Constituent Responsible for the Greater Resistance on the "Natural" Diet 
After  the  influence  of  the  diet  on  natural  resistance  had  been  established 
and  a  reliable  method  devised  of  demonstrating  this,  it  became  possible  to 
search  for  the  factors  involved.  This  undertaking  wiU  be  the  subject  of 
future  communications,  but  one  experiment  on  the  theme  will  be  reported 
here  since  it permits  of  important  deductions.  In  this  experiment  the main HOWARD  A.  SCHNEIDER  AND  LESLIE  T.  WEBSTER  377 
constituents of the "natural" diet (diet 100)  were assayed for their effect on 
natural resistance. 
Whole wheat and dried milk were added singly to the "synthetic" diet (diet 191) to the 
extent of 66 per cent of the latter.  These additions were made at the expense of the glucose 
of diet 191.  The effect of each of these materials on natural resistance was then tested by 
comparison with the effect of diet 191 serving as a negative control, and diet 100 serving as a 
positive control.  Two hundred W-Swiss weanling mice were taken from our stock colony 
and divided, according to previous procedure, into four groups of fifty, each of these groups 
TABLE IX 
Analysis of the Constituents of the "Natural"  Diet (Diet 100)/or  Their Effect on Natural 
Resistance to S. enteritidis 
Diet  Diet description  No. 
191  Basal, "synthetic" 
241  Basal  plus  whole 
wheat,  66  per cent 
242  Basal  plus  dried  milk, 
66 per cent 
100  "Natural" diet (whole 
wheat, dried milk, 
and salt) 
Mean  50 day  survival* 
Sex  Subgroup A  weight  at  I 
infection  [ S/I~  %S§ 
I 
I  C 
9 
Total .... 
Total .... 
o~ 
9 
Total .... 
9 
Total .... 
Subgroup B  Group total 
s/I  %s  s/I  %s 
31  12/25  48 
17  6/24  25 
24  18/49  37 
62  18/25  72 
70  17/23  74 
65  35/48  73 
31  10/25  40 
50  10/25  40 
40  20/50  4O 
67  18/24  75 
92  17/25  68 
79  33/49  71 
8/12 
17.4  [  4/12 
12/24 
19.8  10/12 
16.4  10/13 
20/25 
21.0  6/12 
18.2  4/13 
10/25 
22.6  10/12 
18.5  6/13 
16/25 
67  4/15 
33  2/12 
50  6/25 
83  8/13 
77  7/10 
80  15/23 
50  4/13 
31  6/12 
40  10/25 
83  8/12 
46  11/12 
64  19/24 
* W-Swiss mice, infected with 50,000  bacilli, by stomach 
~. S/I, survivors/infected  in test. 
§ %S, per cent survivors. 
catheter. 
being again divided into two subgroups of twenty-five.  The four groups were fed the ex- 
perimental diet for 3 weeks and growth records were kept,  after which the animals were 
infected with a dose of 50,000 S. enteritidis bacilli in the usual way.  At the time of the in- 
fection the mean weights of the mice in the several groups were as indicated in Table IX.  The 
survival experience 30 days after infection is also presented in Table IX. 
The results of this experiment are clear.  The greater natural resistance of 
mice subsisting on the  "natural" diet  (diet  100)  was manifestly due  to  the 
whole wheat that it contained.  Dried milk contributed nothing to this effect. 
A  rational explanation has now been obtained for the finding of Webster and 
Pritchett (1) with S.  aertrycke, published in 1924, that natural resistance on a 
whole wheat diet is superior to that on a  diet of white bread and milk.  This 
effect of whole wheat has been questioned by Topley, Greenwood, and Wilson 378  HOST  NUTRITION AND  NATURAL  RESISTANCE  TO  INFECTION.  I 
(11) who experimented by different methods and with mice from sources not 
under their control.  It seems unprofitable at the present time to explore the 
reasons for this discordance,  if only because of the multiplicity of variables 
involved.  For the time being, comparisons and deductions will be made from 
the evidence directly at hand.  / 
It  is  apparent from the mean body weights of the mice  (Table IX)  that 
natural  resistance and  increase in  body weight were not  connected.  Thus, 
the relatively low resistance of the "synthetic plus dried milk" diet (diet 242) 
was obtained in mice of slightly greater body weight than those on the "syn- 
thetic plus whole wheat" diet (diet 241).  Yet the latter,  with smaller body 
weights, were more resistant.  It appears safe to conclude that body weight is 
not in itself an index of natural resistance. 
Something can be inferred from Table IX as to the nature of dietary fac- 
tors involved in the whole wheat effect.  The superiority of diet 100  cannot 
have been due to any of the known and available vitamins,  since these were 
provided in equal or greater amount in the "synthetic" basal diet.  Nor can 
this superiority be ascribed to an increase in protein since, for example, diet 
241  ("synthetic plus  whole wheat")  supporting  a  relatively high  resistance, 
had a lower protein content than diet 242  ("synthetic plus dried milk") which 
supported a  significantly lower degree of resistance.  The actual values were 
as follows: Diet 241--protein, 26.8 per cent; survival rate, 73 per cent.  Diet 
242--protein, 35.8 per cent; survival rate, 40 per cent. 
It is also unlikely that the superiority of the wheat-containing diets, diets 
100 and 241,  can have been due to qualitative differences in the protein con- 
tent.  The protein  of  dried  milk  is  generally regarded  as  more "complete" 
than that of wheat, yet it was ineffective in increasing natural resistance when 
added in large amount (66 per cent dried milk =  17.6 per cent protein) to the 
"synthetic" diet (diet 242).  But of course more information is desirable as to 
the nature of the resistance factor in whole wheat. 
Since certain of the newer vitamins, notably biotin and folic acid, were not 
supplied in the basal diet, some interest attaches to the relative amounts of 
each of these vitamins contributed by the supplements of whole wheat and of 
whole dried milk.  Thus, from the data of Lampen, Bahler, and Peterson (12) 
on the biotin content of whole wheat and whole milk, it can be calculated that 
for  equal  supplements,  whole  wheat  contributed  only  one-third  as  much 
biotin to the basal diet as did whole dried milk.  This makes it unlikely that 
the superior resistance of the whole wheat diet can be attributed to an increased 
amount of biotin.  The available data on folic acid content of whole wheat 
and whole dried milk,  as furnished by Cheldelin and Williams  (13)  indicate 
that,  for equal supplements,  whole wheat  contributes at  least five times  as 
much folic acid as does whole dried milk.  The superior resistance of the whole 
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acid.  However, Cheldelin and Williams  (13)  also report that dried potatoes 
have  three  times  as  much folic acid  as  does  whole  wheat.  The extremely 
poor resistance of mice reared on a diet of composition similar to that of diet 
100, but containing dried potatoes instead of whole wheat, as reported in an 
earlier part of this paper, argues against a  r61e of folic acid in natural resist- 
ance  as  studied  in  these  experiments.  It  would  appear  the  safer  course to 
await the outcome of direct experiments now under way, involving these two 
new vitamins.  Fractionation studies are being continued as well. 
The Host Genotype As Affecting the Influence of Nutrition on Natural Resistance 
Thus far scant mention has been made of the important r61e that the genetic 
constitution of the host plays in determining the outcome of an experimental 
infection.  Throughout the experiments with W-Swiss mice reported thus far, 
the  fact  was  recognized that  these  animals  were  by no means  homozygous. 
Although  at  one  time  they were  inbred,  by brother and  sister  matings  for 
twelve generations, during the past 7 years at least they have been bred inter 
se  at  random,  a  system  sometimes  referred to  as  "pen  inbreeding."  As  is 
customary in such systems, the connecting bridge from one generation to the 
next, and over which all of the genes of the stock must be carried, has been 
quite narrow.  Usually a  few large,  sturdy litters were set aside to serve as 
future breeders.  Under  the  conditions  the  opportunities  were  favorable  to 
the  perpetuation  of heritable  variations,  since  the  chance  of closely related 
animals forming a  mating pair was a  good one.  And yet the bridge between 
generations was not so narrow that it compressed the stock and restricted the 
extent of variation.  Thus, the W-Swiss stock--in which it has been possible 
to demonstrate a  type of variability amenable  to,  and  controllable by,  nu- 
tritional manipulation--was  characterized by a  degree of genetic variability. 
By strict inbreeding and selection it has been shown that the character of 
resistance to S. enteritidis  infection partakes of many of the attributes of Men- 
delian heredity, with resistance dominant over its recessive allele, susceptibility 
(vide Webster,  3,  4,  14).  This influence of heredity is  considerable,  so that 
after the inbred and selected stocks of mice have achieved a reasonable degree 
of  homozygosity,  prediction  can  be  made  with  increasing  certainty  that 
members of a  given strain will die or survive when subjected to the test of 
infection.  It became of interest to determine whether there was a  nutritional 
influence on natural resistance when genetic variation was reduced to the limits 
set by brother-sister inbred stocks. 
For this experiment 3 weeks old weanling mice from the inbred strains of Table I  were 
used.  Three strains, BRVR, BRVS, and BSVS, were available in sufficient numbers.  (The 
fourth strain, BSVR, was in too poor a state for utilization owing to a reduction in fertility 
probably due to inbreeding.)  The animals were divided, in each strain, by sex and litter 
mates, into two groups.  One group was fed diet 100, the other diet 191  for a  period of 3 
weeks.  The number of mice of each strain used were as follows: BRVR, 68;  BRVS, 104; 380  HOST  NUTRITION  AND  NATURAL  RESISTANCE  TO  INFECTION.  I 
BSVS, 76.  After 3 weeks the animals, housed in Room 1 in boxes, bedded on purified filter 
paper pulp, and fed on the diets mentioned, were infected by stomach catheter with doses of 
50,000 S. enteritidis  bacilli.  Afterwards they were kept individually caged as usual, and the 
diets were continued.  In Table X the mean body weights at infection are given, together with 
the survival rates for 30  days. 
The results were striking.  Growth on both diets and in all strains was good. 
Resistant  strains  were  resistant  independently  of  the  diet  fed.  Similarly, 
the  susceptible  strain,  BSVS,  was  susceptible  independently  of  the  diet. 
The slight difference between the groups within each strain was of no moment 
statistically in any of the three cases, for in all cases the differences could be 
attributed  to  chance  (P  >  0.3).  Thus,  in  contrast  to previous experience 
with the W-Swiss genotype, in which natural resistance was influenced by the 
TABLE  X 
The Effect oJ Diet on the Resistance  of Various  Strains of Mice 
Host genotype 
Description (for 
Strain  S. enWrilidis) 
BRVR  Resistant 
BRVS  Resistant 
BSVS  Susceptible 
Diet 100 ("natural" diet) 
Host nutrition 
%S* 
Diet 191 ("synthetic" diet) 
94 
77 
16 
Mean body weight 
I  No. of I  at infection 
gm.  gm. 
-33  I 54.3  j  19.3 
52  ] 25.8  I  22.4 
|  38  [  22.4  /  18.4 
Mean body weight I 
No. of I  at infection  [  %S 
gm.  g~. 
34  /  24.6  I  20.1  t  97 
52  I  20.~  j  ls.5  /  o 
~s  j  19~  1,8~  i  l, 
* Survival rate, in per cent, 30 days after infection by stomach catheter with 50,000 S. 
ergeritidis  bacilli. 
nutrition of the host,  the same nutritional factors were found ineffective in 
influencing natural  resistance  when  tested  in  genotypes characterized  by  a 
long history of brother-sister inbreeding and selection for resistance and sus- 
ceptibility respectively. 
DISCUSSION 
Certainly the problem of the relation of nutrition to resistance to infection 
has not been attacked here for the first time, but there is a strategic difference 
between the experiments reported here and many of those in the literature. 
For example, no attempt has been made here to examine the case, in terms of 
influence  on  natural  resistance,  for  any  of  the  known  nutritional  entities. 
Such cases may, or may not,  exist.  Instead,  an attempt has been made to 
examine directly, for natural resistance, whether a gap may still exist between 
those nutritional factors now counted as known and the possible, unrecognized 
nutritional factors existent in the world of natural foodstuffs. 
In general,  the experimenter who attempts  the study of the effect of nu- HOWARD  A.  SCHNEIDER  AND  LESLIE  T.  WEBSTER  381 
trition on a  given animal function has several strategic courses open to him 
in  the planning  of his  experiments.  Thus he may elect to take a  so called 
"synthetic" diet as his point of departure and proceed to analyze the effect 
of each of its items quantitatively.  To follow this course would be to assume, 
obviously,  that  all possible  nutritional entities  which  might  affect the issue 
under study are known and included in the synthetic diet.  The newer knowl- 
edge of nutrition has been won so recently, however, that an assumption of 
this kind  would appear  to be attended by some risk.  The items of such a 
synthetic diet which are regarded as essential have been identified mainly in 
studies  of another  animal  function;  i.e.,  growth.  There seems  to  be  little 
basis,  either a  priori  or demonstrated, on which to assume that the functions 
of growth and of resistance and susceptibility are necessarily directly related. 
More specifically, Webster (14) has shown that growth, and fertility as well, 
are  not  related  to  resistance  or  susceptibility.  Inbred,  genetically uniform, 
susceptible mice (to S.  enteritidis)  were not subnormal either in their rate of 
growth or in fertility. 
All this is not to deny that if acute deficiencies of known nutritional essen- 
tials are produced, resistance may be lowered.  For references to this part of 
the  literature,  the  reviews  of  Clausen  (15),  Robertson  (16),  and  Perla  and 
Marmorston  (17) should be consulted.  Against much of this type of experi- 
mentation the  criticism may be leveled that  the experimentkl animals  were 
really debilitated ones whose fives were already in jeopardy from the conse- 
quences of the produced deficiency, so it is small wonder that under the added 
insult of the infection the animals succumb.  But even this point is in doubt, 
for many of the published reports do not include records of controls left unin- 
fected.  It  is  therefore difficult to  decide whether  the  animals  died  of  the 
results of the infection, or whether death was merely hastened by the infection, 
or whether the animals would have died anyway from the results of the de- 
ficiency alone, independently of the infection. 
But there is still another course open to the experimenter who wouldstudy 
the effects of nutrition on a given animal function.  He may elect to compare 
the effects of various natural diets composed of different foodstuffs, as has the 
English school of experimental epidemiology (18,  9)  or, what is basically the 
same, he may compare the effect of a complete synthetic diet, adequate by all 
nutritional  standards,  with  a  similarly  adequate  diet  composed  of  natural 
foodstuffs.  It  is  this  latter  approach  which  has  provided  the  basis  of  the 
present report.  The demonstration of a difference in function, it follows, will 
depend on (1) a successful choice of natural foodstuffs for the comparison, and 
(2)  a  sensitivity of the  function to  nutritional influence.  Failure  to find a 
difference will not indicate whether such failure is due to an incorrect choice 
of foodstuffs or to  the  fact that  the function is  basically insensitive to nu- 
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It  might  be pointed  out  that  the  tremendous advances  of the  science of 
nutrition within recent time have followed from such an approach as that just 
outlined  above.  Basically,  nutritional  experimenters,  using  mainly  growth 
as a  criterion of function, compared the effect of the known (diets of purified 
materials)  with  that  of  the  unknown  (diets  containing  natural  materials). 
At this date it may be laboring the obvious to make these distinctions, but it 
must be remembered that modern nutritional science had its beginnings when 
experimenters realized that their inability to devise a diet of defined chemical 
composition which would support the growth of a laboratory animal was due, 
not to their failure correctly to arrange the quantitative details of items already 
known  to  them,  but  to  their ignorance of qualitative factors as  yet undis- 
covered.  It was the emphasis on the qualitative rather than on the quantita- 
tive which led to the discovery of the vitamins. 
In the present  work a  gap  was  found to exist in  terms of influence upon 
natural resistance, between the "synthetic" diet employed, and a diet of some 
natural foodstuffs.  The nutritional forces responsible for this  gap appeared 
to be relatively weak inasmuch as they were demonstrably effective only in a 
single stock and in but a fraction of the animals.  One can hope that the ex- 
perimental  difficulties thus  raised  will  be  overcome when,  by  fractionation 
studies,  chemical  concentration  of  the  active  materials  becomes  possible. 
Perhaps then, with concentrations available which are greater than those that 
occur in natural products, the effects of nutrition will he so enhanced that a 
statistical  treatment  of  the  findings  will  be  unnecessary.  Only  further  ex- 
perimentation can provide the  answer. 
The apparent weakness of the dietary influences, however, may be due to 
limits imposed by the genetic constitution of the host.  As  the experiments 
with various genotypes show clearly, the experimenter's ability to demonstrate 
any influence of nutrition on natural resistance at all--let alone analyze the 
nutritional  entities  involved--is  conditioned  by  the  limitations  of  the  par- 
ticular genotype.  From this viewpoint the limitation of the dietary effect on 
natural resistance to about 25 per cent, in W-Swiss mice, may not be a conse- 
quence of the weakness of the nutritional forces involved per se.  Rather this 
limitation may proceed from the fact that the W-Swiss stock consists of several 
genotypes of which only one can be influenced by diet.  On this assumption 
about 25 per cent of the stock consists of a particular genotype characterized 
by a  response  to  the  nutritional differences existent between  the  "natural" 
and "synthetic" diets.  Obviously, if this particular genotype were available 
as  a  single  population  for  experiment,  then  statistical  treatment  could  be 
ignored, for all such mice would survive on diet 100, and all die on diet 191 
when exposed to S. enteritidis infection.  Attempts to prepare and define such 
a genotype are in progress.  As an alternative the genetic situation presented 
by the W-Swiss mice can be accepted as experimental material, and by pro- HOWARD  A. SCHNEIDER AND  LESLIE T. WEBSTER  383 
viding for the statistical necessities posed by this mixed population, it should 
be  possible  to  proceed  with  analysis of  the  nutritional entities  involved in 
natural resistance. 
One more  comment might  be  made.  The  science of nutrition,  as  it has 
developed thus far, has taken small cognizance of genetics.  Aside from a cer= 
tain amount of deference to  "inbred stocks," the nutritionist has been well 
satisfied that  %  rat is a  rat;" and for good pragmatic reasons.  The char- 
acters of laboratory animals which have shown themselves readily amenable 
to  nutritional  influences,  e.g.  body  weight,  bone  formation,  etc.,  all  have 
genetic bases  so complicated and multiple that the probability is extremely 
small that a  given character will be brought entirely under genetic influence 
in any animal colony which is bred as most nutrition animal colonies are bred. 
There are thus probably good genetic reasons why %  rat is a rat," as far as the 
nutritionist is concerned. 
But to attempt to study the influence of nutrition on any Mendelian char- 
acter is another matter.  At the moment there is little philosophical meeting- 
ground for Mendelian genetics and the science of nutrition, though the prob- 
lem presses for attention.  If the present studies can help shed light on this 
problem,  then the biological principles  thus revealed may be of greater im- 
portance than any discrimination of nutritional entities which the experiments 
may  effect. 
SU~rA_.RY 
1.  A diet of whole wheat and whole dried milk has been shown to promote 
a  higher survival rate, among W-Swiss mice subjected to S.  enteritidis infec- 
tion, than that promoted by a  "synthetic" diet. 
2.  The demonstration of this ability of diet to condition natural resistance 
has been found to depend upon the genetic constitution of the mice employed. 
The demonstration has been possible in W-Swiss mice, a strain only moderately 
inbred and retaining a  degree of genetic variability.  The demonstration has 
not been possible in three highly inbred strains of mice selected so that they 
differed predictably from one another in natural resistance. 
3.  The  nutritional factors  involved  are  present  in  whole  wheat  and  are 
absent or negligible in dried whole milk.  Their nature has not yet been de= 
termined. 
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